Objective-Interleukin (IL)-1β and IL-18 are key proinflammatory cytokines that play important roles in the pathophysiology of vein graft remodeling. However, the mechanism of IL-1β/IL-18 production and its role in the development of graft remodeling remain unclear. Approach and Results-IL-1β/IL-18 were rapidly expressed in venous interposition grafts. Vascular smooth muscle cell (VSMC) death and monocytic inflammasome activation occurred in grafted veins. Necrotic VSMCs induced the expression of IL-1β, IL-18, and other inflammasome-associated proteins in monocytes, which was partially inhibited by their antagonist, recombinant IL-1ra-Fc-IL-18bp. Activated monocytes stimulated proliferation of VSMCs by activating cell growth-related signaling molecules (AKT, STAT3, ERK1/2, and mTOR [AKT/protein kinase B, signal transducer and activator of transcription 3, extracellular signal-regulated kinase 1/2, mammalian target of rapamycin]) and increasing production of platelet-derived growth factor-bb; these effects were suppressed by IL-1ra-Fc-IL-18bp. Activated monocytes also promoted migration of VSMCs, which was independent of IL-1β/IL-18 signaling. Importantly, administration of IL-1ra-Fc-IL-18bp inhibited activation of cell growth-related signaling molecules, VSMC proliferation, and vein graft thickening in vivo. Conclusions-Our work identified an interaction among necrotic VSMCs, monocytes, and viable VSMCs through IL-1β/ IL-18 signaling, which might be exploited as a therapeutic target in vein graft remodeling. (Arterioscler Thromb Vasc
B ypass surgery with vein grafts remains the treatment of choice for patients with multivessel coronary artery disease. Unfortunately, arterialized veins are associated with a high incidence of late graft failure (≤50%−60% after 10 years) 1 because of thrombosis, graft remodeling, and advanced atherosclerosis. Moreover, there is no effective strategy to prevent this clinical problem.
Vein graft remodeling is characterized by increased vein graft medial thickening and neointima formation. 2 The arterializations of the vein graft conduit require medial thickening. Early vein graft wall thickening is an adaptive response; however, sustained medial thickening is pathological and is a main cause of late vein graft failure. 3 Medial thickening is a complex and dynamic process, including endothelial cell dysfunction, leukocyte infiltration, vascular smooth muscle cell (VSMC) apoptosis, migration, and proliferation. 2, 3 VSMC apoptosis/necrosis stimulated by a sudden elevation in mechanical stress is an early event that occurs after grafting. 4 VSMC death promotes multiple features of graft remodeling, including early loss of VSMCs, elastin fragmentation and loss, and the inflammatory response. 5 A previous study demonstrated that inflammatory cells migrate into the vessels and a chronic inflammatory response provokes arterial thickening. 6, 7 Several lines of evidence have identified monocytes as a primary leukocyte involved in graft failure. Studies using monocyte chemotactic protein 1-deficient and C-C motif chemokine receptor-2-deficient mice 8 or anti-monocyte chemotactic protein-1 gene therapy showed inhibition of vein graft thickening. 9 The degree and persistence of monocytic infiltration have a strong direct correlation with the magnitude of media thickening.
Interkeukin (IL)-1β and its related family member IL-18 are proinflammatory cytokines that cause tissue injury by inducing inflammation, which is involved in various cardiovascular diseases, 10 and these cytokines exhibit additive or synergistic effects in promoting inflammatory diseases. IL-1β is markedly induced in vessels affected by balloon injury or carotid artery ligation. 11, 12 High levels of serum IL-18 are positively correlated with carotid intima-media thickness in patients. 13 IL-1β/IL-18 signaling initiates transcription of various inflammatory genes through the activation of NF-κB (nuclear factor kappa B) and transcription activator-1, including chemokines, proinflammatory cytokines, adhesion molecules, and colony-stimulating factors, which facilitate leukocyte infiltration. The vascular inflammatory response involves complex interactions among inflammatory cells, endothelial cells, and VSMCs. Monocytes, VSMCs, and endothelial cells express IL-1β and IL-18 receptors. p80 IL-1 type I receptor null mice exhibit attenuated intimal hyperplasia after common carotid artery ligation, 12 whereas IL-1Ra null mice show enhanced intimal formation. 14 The marked upregulation of IL-1β/IL-18 in injury vessels and their pleiotropic effects on most cell types involved in vascular injury and remodeling suggest that manipulation of this signaling pathway could be an effective therapy for graft failure. Therefore, it is important to define what triggers activation of IL-1β/IL-18 and how IL-1β/IL-18-mediated signaling cascades are involved in vein graft remodeling.
IL-1β is the key product of inflammasome activation. 15 Increasing evidence has indicated that endogenous danger signals released from damaged tissue activate the inflammasome, triggering the inflammatory response. It is unknown how the inflammasome is activated and whether secreted IL-1β/IL-18 plays a role in inflammasome activation, vascular inflammation, and remodeling. IL-1ra, a natural endogenous IL-1 antagonist, competes with both IL-1α and IL-1β at the receptor level to block IL-1R1 signaling. 16 IL-18bp naturally exhibits a higher affinity for IL-18 than the IL-18 receptor and neutralizes IL-18 biological activities by >95%. 17 A dual domain IL-1ra-Fc-IL-18bp fusion protein was constructed by joining IL-18bp and IL-1ra cDNA to the Fc fragment of human IgG1 cDNA in an expression plasmid, in which the carboxyl-terminal sequence binds to IL-1R and the aminoterminal segment binds to IL-18. 18 Specificity of IL-1ra-Fc-IL-18bp for IL-1β/IL-18 was validated using technetium-99 m-labeled IL-1ra-Fc-IL-18bp in vivo. 19 Single-photon emission computed tomographic imaging analysis showed that a high accumulation of technetium-99 m-IL-18bp-Fc-IL-1ra bound to increased IL-1β/IL-18 in 12-otetradecanoylphorbol-13-acetate-induced inflamed ears, but invisible radioactive uptake was observed in control ears. This finding suggests that IL-1ra-Fc-IL-18bp has a strong affinity for IL-1β/IL-18 released from inflammatory tissue. 19 In the present study, we used recombinant IL-1ra-Fc-IL-18bp to investigate (1) the mechanism of IL-1β/IL-18 production; (2) the effect of IL-1β/IL-18 on cross talk between VSMCs and monocytes; and (3) the protective role of IL-1ra-Fc-IL-18bp in vein graft thickening.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

IL-1β and IL-18 Expression Is Increased in Murine Vein Grafts
To demonstrate the expression of IL-1β and IL-18 in murine vein grafts, bypass surgery was performed in wild-type mice. Both IL-1β and IL-18 mRNA expressions were significantly increased at 1 week and sustained at 2 weeks, then decreased at 4 weeks when compared with control veins ( Figure 1A and 1B). As shown in Figure 1C , a large number of IL-1β-and IL-18-positive cells were found in the grafted vein at 2 weeks and only a few IL-1β-and IL-18-positive cells were found at 4 weeks. Moreover, Mac-2 (a marker of macrophages)-positive cells were significantly increased in the grafted vein at 2 weeks ( Figure 1C ). A nonimmune, isotype-matched immunoglobulin was used as a negative control for monoclonal antibodies. 
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Necrotic VSMCs Activate the Monocytic Inflammasome and IL-1β/IL-18 Secretion in an IL-1β-IL-18-Dependent Manner
The first week after grafting a vein into an artery is characterized by massive death of VSMCs predominantly and monocyte infiltration in the vein graft wall. 4, 9 VSMC death drives inflammation and vessel remodeling. 5 Our results showed that IL-1β/IL-18 expression was highest at 1 week after vein grafting. These findings suggested that an interaction occurs between the dead VSMCs and monocytes in grafted veins. Multiple breaks in the 3′-OH terminus were present in both apoptotic and necrotic cells. 20 Because DNA fragmentation is common in different kinds of cell death, terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) detection in situ labels necrotic and apoptotic cells in various tissues. 21, 22 Therefore, we performed a TUNEL assay and found more TUNEL + nuclei in vein grafts at 1 week when compared with control veins (Figure 2A ). Costaining revealed that the TUNEL + cells were located under the endothelium and colocalized with α-SMA + (alpha smooth muscle actin) VSMCs ( Figure 2B and 2C).
To investigate whether the inflammasome is activated in grafted veins, expression of a key structural component of the inflammasome, apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC), was examined and was observed in the vein 1 week after implantation ( Figure 3A) . To identify the cell type for expressing ASC in the grafted veins, double-immunofluorescence staining was performed using antibodies against ASC and monocytes (CD11B). Most monocytes expressed ASC in the grafted veins ( Figure 3B ). These results suggested that there is a link between dead VSMCs and inflammasome activation. To identify this relationship, we treated human monocytic cell line (THP1) cells with necrotic VSMC debris to mimic the in vivo phenomenon. Quantitative reverse transcriptasepolymerase chain reaction analysis demonstrated that necrotic VSMC debris significantly increased the expression of the inflammasome components ASC and NACHT, LRR, and PYD domain-containing protein 3 (Nlrp3) in monocytes ( Figure 3C ). Both IL-1β and IL-18 secretion were significantly increased in the supernatants of VSMC debris-treated THP1 cells ( Figure 3D ). Expression of these factors was not spontaneously increased in THP1 cells alone ( Figure 3C and 3D). There was also a significant increase in levels of ASC, cleaved fragment of caspase-1, and the cleaved form of IL-1β in necrotic VSMC debris-treated THP1 cells ( Figure 3E ). Importantly, blockade of IL-1β/IL-18 signaling with recombinant IL-1ra-Fc-IL-18bp significantly suppressed inflammasome activation ( Figure 3E ). Taken together, these findings suggested that necrotic VSMCs promote monocytic inflammasome activation via an IL-1β/IL-18-dependent pathway at the early stage of vein graft remodeling.
Monocyte-Secreted IL-1β/IL-18 Activates Cell Growth-Related Signaling
Increased vein graft thickening is characterized by the proliferation and migration of SMCs and is a main cause of late vein graft failure. In addition to local VSMCs, neointimal SMCs are derived from other sources, including adventitial fibroblasts, stem cells, or bone marrow-derived progenitors, which actively participate in the pathogenesis of vein graft thickening via differentiation into VSMCs or stimulating proliferation of local VSMCs. [23] [24] [25] To clarify whether IL-1β/ IL-18 mediates cross talk between VSMC and monocytes, leading to vein graft thickening, we examined signal transduction pathways in VSMCs stimulated by monocyte-secreted IL-1β/IL-18. Phosphorylated protein microarray analysis was performed on VSMCs stimulated with necrotic VSMCactivated THP1 cells (THP1 act ) or control untreated THP1 cells (THP1 con ) in the presence or absence of IL-1ra-Fc-IL-18bp. As shown in Figure 4A , MAPK (mitogen-activated protein kinase) signaling (p-ERK1/2, involved in cell mitogenesis and survival), STAT3 signaling (involved in cell differentiation and survival), and PI3K/AKT/mTOR signaling (p-AKT, p-mTOR, and p-p70S6K; involved in cell growth) were increased in THP1 act -stimulated VSMCs relative to that of THP1 con -stimulated VSMCs. The activation of these signaling molecules in VSMCs was suppressed by IL-1ra-Fc-IL-18bp. Western blot analysis verified that activated THP1 cells induced the phosphorylation of STAT3, AKT, mTOR, and ERK1/2 in VSMCs via secretion of IL-1β and IL-18 ( Figure 4B and 4C). Importantly, activation of STAT3, AKT, mTOR, and ERK1/2 was decreased significantly in the vein grafts of IL-1ra-Fc-IL-18bp-treated mice at 4 weeks when compared with that in Control-Fc-treated mice ( Figure 4D and 4E). We detected the activation of cell growth signals in VSMCs in the presence of PBS, Control-Fc, or IL-1ra-Fc-IL-18bp. We found no difference in these signals in the presence of control-Fc or PBS ( Figure IA and IB in the online-only Data Supplement). These data suggested that monocyte-secreted IL-1β/IL-18 may regulate the proliferation of VSMCs.
Monocyte-Secreted IL-1β/IL-18 Promotes VSMC Proliferation
We next investigated the effect of monocyte-secreted IL-1β/ IL-18 on VSMC proliferation. Several growth factors, including platelet-derived growth factor (PDGF)-bb and vascular endothelial growth factor (VEGF), have been implicated in abnormal VSMC proliferation. 26 PDGF-bb production was increased in the supernatants of VMSCs cocultured with THP1 act when compared with that of VMSCs cocultured with THP1 con , and the elevation in PDGF-bb was abolished by IL-1ra-Fc-IL-18bp ( Figure 5A ). VEGF production did not differ among the 4 groups. The levels of other factors, such as basic fibroblast growth factor, nerve growth factor-β, and hepatocyte growth factor, were low and not different between the groups. VSMCs were treated with supernatants from VSMCs cocultured with THP1 act or THP1 con for 0, 12, or 24 hours with or without IL-1ra-Fc-IL-18, and the proliferation of VSMCs was analyzed by BrdU (5-bromo-2-deoxyuridine) assay. Consistent with the changes in activated intracellular proliferative signaling and PDGF-bb production, activated THP1 promoted the proliferation of VSMCs in a time-dependent and IL-1β/IL-18-dependent manner ( Figure 5B ). To confirm this observation, we evaluated the direct effects of recombinant IL-1β (rIL-1β) or rIL-18 on VSMCs proliferation. We treated VSMCs with different concentrations of rIL-1β or rIL-18 (0.01-10 ng/mL) for 48 hours and pulsed with BrdU for last 4 hours of the incubation period. Both rIL-1β and rIL-18 induced a marked and significant proliferation of VSMCs. A significant 2.51-or 3.20-fold increase in VSMCs proliferation was observed at 1 ng/mL of rIL-1β and rIL-18, respectively ( Figure 5C and 5D ). To evaluate the efficiency of IL-ra-Fc-IL-18bp on blockade of the effects of IL-1β/IL-18, the proliferation of VSMCs induced with rIL-1β or rIL-18 (1 ng/mL) in the presence of various concentrations of IL-1ra-Fc-IL-18bp (0.001-100 μg/mL) was determined. IL-1ra-Fc-IL-18bp effectively inhibited rIL-1β-and rIL-18-induced proliferation of VSMCs in a dose-dependent manner, with a 50% inhibition concentration (IC50) value of 3.762 μg/ mL (for rIL-1β) or 4.012 μg/mL (for rIL-18; Figure 5E and 5F). To investigate the specificity of IL-1ra-Fc-IL-18bp, we evaluated the effects of IL-1ra-Fc-IL-18bp on proliferation of VSMCs induced by PDGF-bb. The recombinant PDGF-bb Figure  IIB in the online-only Data Supplement). These results demonstrated the efficiency and specificity of IL-1ra-Fc-IL-18bp for the inhibition of IL-1β/IL-18. We also analyzed the effect of monocyte-secreted IL-1β/IL-18 on VSMC migration and found that THP1 cells promoted VSMC migration, but this effect did not involve IL-1β/IL-18 signaling ( Figure 5G and 5H). These results revealed that monocyte-secreted IL-1β/ IL-18 activated proliferation-related signaling pathways in VSMCs and induced VSMC proliferation.
IL-1ra-Fc-IL-18bp Treatment Does Not Affect Organ Function
To determine whether IL-1ra-Fc-IL-18bp treatment (5 mg/ kg, IV injection daily for 8 weeks) results in organ toxicity, we examined the hearts, livers, lungs, kidneys, and spleens of IL-1ra-Fc-IL-18bp-treated and control mice that underwent subsequent vein grafting surgery. Evaluation of histological sections of these organs did not show detectable pathological abnormalities on hematoxylin and eosin staining ( Figure IIIA in the online-only Data Supplement). Hematoxylin and eosinstained sections showed normal muscle morphology in the heart; normal hepatic lobular architecture in the liver; normal alveoli in the lung; normal glomeruli, proximal, and distal tubules, and interstitium in the kidney; and normal follicles and vascular sinusoids in the spleen in both groups. We next assessed organ-associated toxicity by measuring the organ function of control or IL-1ra-Fc-IL-18bp-treated mice. Liver function tests (aspartate transaminase, alanine transaminase, total bilirubin, and direct bilirubin levels) and renal function tests (blood urea nitrogen and creatinine levels) were similar between IL-1ra-Fc-IL-18bp-treated and control groups ( Table  I in 
Administration of IL-1ra-Fc-IL-18bp Inhibits Vein Graft Thickening
To study the effect of inhibition of IL-1β/IL-18 on vein graft thickening in vivo, mice were intravenously injected with IL-1ra-Fc-IL-18bp daily, beginning 1 day before vein graft surgery. First, we evaluated cell survival and inflammasome activation at 1 week after vein grafting in mice that received IL-ra-Fc-IL-18bp-or control-Fc treatment. TUNEL + cells were seen in the vein grafts of both IL-1ra-Fc-IL-18bp and control-Fc groups, with no significant difference between the groups ( Figure 6A ). The numbers of ASC-positive cells were significantly decreased in the vein grafts of IL-1ra-Fc-IL-18bp-treated mice when compared with those of control mice ( Figure 6B) . These results suggested that inhibition of IL-1β/IL-18 has no effect on cell death but inhibits inflammasome activation in grafted veins, consistent with the in vitro data. Then, we evaluated the effect of IL-1ra-Fc-IL-18bp on vein graft remodeling. Vein grafts collected at 4 and 8 weeks were examined for morphological changes. Hematoxylin and eosin staining and Elastica van Gieson staining indicated that the graft wall was markedly thinner in the vein grafts of IL-1ra-Fc-IL-18bp-treated mice than in control-treated mice ( Figure 6C and 6D ). Vein grafts from IL-1ra-Fc-IL-18bp-treated mice had a significantly larger lumen area and thinner wall when compared with those in control-treated mice ( Figure 6E and 6F) . To test whether the Fc fragment itself has any effect on vascular remodeling, we compared the vein graft thickening in mice that received PBS or control-Fc administration. After 4 and 8 weeks of vein graft implantation, hematoxylin and eosin staining and Elastica van Gieson staining indicated that the thickness of the graft wall (lumen area and thinner walls) was not different in the vein grafts of PBS or control-Fc-treated mice ( Figure IVA -IVD in the online-only Data Supplement). To test the effect of IL-1ra-Fc-IL-18bp on VSMC proliferation in vivo, proliferating cell nuclear antigen (PCNA)-positive cells were evaluated in grafted veins of control and IL-1ra-Fc-IL-18bp-treated mice 4 weeks after vein graft implantation. The numbers of PCNA-positive cells were significantly decreased in the vein grafts of IL-1ra-Fc-IL-18bp-treated mice when compared with those in control mice ( Figure 6G ).
Discussion
The major findings of this study are (1) IL-1β, IL-18, and ASC were significantly expressed in grafted veins and necrotic VSMCs stimulated inflammasome activation in monocytes and release of IL-1β/IL-18, which was partially IL-1β/IL-18 signaling dependent; (2) cross talk between viable VSMCs and activated monocytes via IL-1β/IL-18 signaling augmented cellular proliferation as revealed by activation of cell growth-related signaling and elevation of PDGF-bb production; and (3) IL-1ra-Fc-IL-18bp treatment suppressed the activation of cell growth-related signaling, VSMC proliferation, and vein graft thickening in a murine vein graft model. To the best of our knowledge, the present study indicates for the first time that IL-1β/IL-18 signaling plays an important role in the mutual cross talk between VSMCs and monocytes, including monocytic inflammasome activation and VSMC proliferation, during the progression of vein graft thickening, and that pharmacological inhibition of IL-1β/IL-18 has protective effects against vein graft thickening. These findings clarify the molecular events that occur during initial vein injury and remodeling after vein graft implantation and identify IL-1β/IL-18 and the inflammasome as novel therapeutic targets for vein graft remodeling. Increasing evidence has indicated the importance of inflammation in the pathophysiology of vascular injury and remodeling, and interventions targeted against inflammatory mediators substantially reduce neointimal hyperplasia in grafted veins. 9 In particular, blockade of IL-1β/IL-18 reduces vascular injury and intimal formation, 14, 27 suggesting that IL-1β/IL-18 is a key mediator of the pathophysiology of vein injury/remodeling after implantation. Our results demonstrated that IL-1β/IL-18 expression was increased in vein grafts, and that blockade of IL-1β/IL-18 signaling suppressed vein thickening.
Sterile inflammation is triggered by endogenous danger signals released from damaged tissue and is mediated by inflammasome activation. 15, 28, 29 Mechanical stress-induced VSMC death is one of the earliest cellular events that occur in vein grafts, which evokes an inflammatory response. 4 We found that the VSMCs within grafted veins became apoptotic within the first week of implantation. However, multiple cytokine array results revealed that apoptotic VSMCs did not release IL-1β. 30 The apoptotic cells that are not efficiently cleared by phagocytosis by local defenses (VSMCs) or bone marrow mobilization (neutrophils and monocytes) undergo necrosis and release danger signals. 31 It was reported that IL-6 and monocyte chemotactic protein-1 were released from viable VSMCs stimulated by necrotic VSMCs, with no significant production of IL-1β and IL-18, 32 suggesting that necrosis does not activate the inflammasome in necrotic VSMCs and necrotic VSMCs do not activate the inflammasome in viable VSMCs. Thus, we hypothesized that the effect of necrotic VSMCs could paracrinely stimulate inflammasome activation in monocytes. We provided evidence that an inflammasome protein (ASC) expressed by infiltrating monocytes in grafted veins and necrotic VSMCs induced inflammasome activation in monocytes (increased ASC, Nlrp3, and cleaved caspase-1 expression) and secretion of IL-1β (including cleaved-IL-1β) and IL-18. Moreover, we demonstrated that blockade of the IL-1β/IL-18 signaling pathway by IL-1ra-Fc-IL-18bp suppressed necrotic VSMC-induced inflammasome activation, including decreased expression of ASC, cleaved caspase-1, and cleaved IL-1β. These findings highlight that the monocytic inflammasome is activated by necrotic VSMCs, leading to the release of IL-1β and IL-18, and this process is at least partially dependent on the IL-1β/ IL-18 signaling pathway. Necrosis is characterized by the disruption of the plasma membrane, organelle breakdown, and release of endogenous damage-associated molecular patterns. Damage-associated molecular patterns, such as extracellular ATP, S100 proteins, double-stranded DNA, and high mobility group protein-1, are known to trigger inflammasome activation. 33, 34 Necrotic cell debris contains broken membrane pieces, damaged organelles, and double-stranded DNA fragments. For example, membrane vesicles from necrotic endothelial cells contain active oxidized phospholipids, which induce monocyte activation. 35 Damaged mitochondria from necrotic cells activate monocytes. 36 Genomic double-stranded DNA from dying cells induces inflammation in immune or nonimmune cells. [37] [38] [39] Thus, multiple damage-associated molecular patterns from the necrotic cell debris could contribute to the inflammasome activation we observed in this study.
Synergy between mechanical stress and inflammation results in the proliferation and migration of VSMCs, which eventually causes medial thickening. Our and other studies indicated that interactions between tissue cells (VSMCs and fibroblasts) and infiltrating leukocytes (monocytes/macrophages) promote the pathological progress in cardiovascular disease. [40] [41] [42] [43] In the present study, we elucidated the role of IL-1β/IL-18 in cross talk between VSMCs and monocytes and the molecular basis by which IL-1β/IL-18 induces proliferation and migration of VSMCs. Proliferative signals, such as AKT, mTOR/p70-S6K, ERK1/2, and STAT3 in VSMCs, were stimulated by necrotic cell-activated THP1 cells. IL-1β and IL-18 use the same downstream signaling molecules and activate NF-κB translocation. IL-1/IL-18 receptors also induce activation of other signaling cascades, such as the PI3K/AKT, MAPK, and STAT3 pathways in other cells. 44, 45 Our results showed that suppression of IL-1/ IL-18 signaling by IL-1ra-Fc-IL-18bp significantly inhibited the activation of AKT, mTOR, ERK1/2, and STAT3, as well as VSMC proliferation in vitro and in vivo, which indicated that activated monocytes induced VSMC proliferation through IL-1β/IL-18 signaling.
Moreover, activated monocytes indeed induced PDGF-bb expression via IL-1β/IL-18. PDGF-bb is one of the most potent mitogens and chemoattractants for VSMCs. 46 In response to PDGF-bb stimulation, SMCs from the saphenous vein exhibit enhanced proliferation when compared with the internal mammary artery, contributing to venous graft failure. 47 Several studies have demonstrated that inhibition of PDGF-bb suppresses pathological vascular remodeling. Ferns et al 48 discovered that administration of a PDGF-neutralizing antibody inhibited balloon catheter injury-induced neointimal VSMC accumulation in the carotid artery. PDGF-β receptor antibodies inhibit intimal hyperplasia induced by balloon catheterization. 49 Nanoparticle-mediated delivery of imatinib mesylate, a PDGF receptor tyrosine kinase inhibitor, significantly inhibits neointima formation and VSMC proliferation in rabbit vein grafts. 50 Suramin, a growth factor antagonist, inhibits neointima hyperplasia through inhibition of PDGF receptor activation in murine vein grafts. 51 Therefore, PDGF-bb might be a mediator of activated monocyte-induced VSMC proliferation, which leads to vein graft thickening.
The activity of IL-1 and IL-18 signaling is tightly regulated by IL-1ra and IL-18bp, respectively. 16, 17 The balance of free IL-18/IL-18bp and IL-1α/IL-1ra affects the severity of inflammatory diseases. 52, 53 Transgenic mice overexpressing human IL-18bp produce high levels of bioactive circulating IL-18bp, which protects against inflammatory stimuli. 54 The absence of IL-1ra allows unopposed action of IL-1, resulting in life-threatening systemic inflammation. 55 We demonstrated for the first time that the administration of IL-1ra-Fc-IL-18bp inhibited vein graft thickening after implantation, thus highlighting the protective effect of IL-1ra-Fc-IL-18 against vein graft remodeling. Moreover, the administration of IL-1ra and IL-18bp has an excellent safety profile. In the present study, no pathological abnormalities or organ-associated toxicity was observed in multiple organs of mice that received IL-1ra-Fc-IL-18bp treatment for 8 weeks. It should be noted that the current mouse vein graft models hold disadvantages and bear little resemblance to the human scenario. After vein grafting in this murine model, most of the cells die and are repopulated by recipient cells from the circulation and surrounding tissues. 23, 56 Therefore, this murine model is not same as human vein grafts; however, in the present study, we used this model to address the important role of IL-1/IL-18, inflammation, and neointima formation, which are the main events of human venous bypass graft remodeling.
In conclusion, our study revealed a novel mechanism involving cross talk between VSMCs and monocytes that induced inflammasome activation and amplification of VSMC proliferation via IL-1β/IL-18 signaling, which function as critical inductor molecules for vein graft remodeling. Therefore, the IL-1β/IL-18 pathway may constitute a novel therapeutic target to interrupt/attenuate the inflammatory process and vascular remodeling associated with vein grafting.
